The cbb 3 oxidase has a high affinity for oxygen and is required for growth of bacteria, including pathogens, in oxygen-limited environments. However, the assembly of this oxidase is poorly understood. Most cbb 3 are composed of four subunits: the catalytic CcoN subunit, the two cytochrome c subunits (CcoO and CcoP) involved in electron transfer, and the small CcoQ subunit with an unclear function. Here, we address the role of these four subunits in cbb 3 biogenesis in the purple bacterium Rubrivivax gelatinosus. Analyses of membrane proteins from different mutants revealed the presence of active CcoNQO and CcoNO subcomplexes and also showed that the CcoP subunit is not essential for their assembly. However, CcoP was required for the oxygen reduction activity in the absence of CcoQ. We also found that CcoQ is dispensable for forming an active CcoNOP subcomplex in membranes. CcoNOP exhibited oxygen reductase activity, indicating that the cofactors (hemes b and copper for CcoN and cytochromes c for CcoO and CcoP) were present within the subunits. Finally, we discovered the presence of a CcoNQ subcomplex and showed that CcoN is the required anchor for the assembly of the full CcoNQOP complex. On the basis of these findings, we propose a sequential assembly model in which the CcoQ subunit is required for the early maturation step: CcoQ first associates with CcoN before the CcoNQ-CcoO interaction. CcoP associates to CcoNQO subcomplex in the late maturation step, and once the CcoNQOP complex is fully formed, CcoQ is released for degradation by the FtsH protease. This model could be conserved in other bacteria, including the pathogenic bacteria lacking the assembly factor CcoH as in R. gelatinosus. cbb 3 cytochrome c oxidases (Cox) 4 belong to the c-type heme-copper oxidase family and use c-type cytochromes as
electron donors. They are restricted to bacteria, and in the case of several pathogens, cbb 3 -Cox is the only terminal oxidase of the respiratory electron transfer chain (1) (2) (3) (4) . In addition to O 2 reduction and proton pumping across the inner membrane, cbb 3 -Cox oxygen reductase activity is also required to initiate other metabolic pathways that are often associated with growth under microaerobic conditions such as nitrogen fixation in Bradyrhizobium japonicum (5, 6) and photosynthesis in Rubrivivax gelatinosus (7) and Rhodobacter sphaeroides (8) . Furthermore, cbb 3 -Cox of various human and plant bacterial pathogens were proposed to be involved in colonization of anoxic tissues (4, 9 -11) .
Given its prominent role in pathogenic bacterial survival in a hypoxic environment, cbb 3 -Cox therefore represents an interesting target to limit their growth and development. Most cbb 3 -Cox are four-subunit integral membrane complexes containing various cofactors required for the enzyme activity. In the X-ray structure of Pseudomonas stutzeri cbb 3 -Cox, three of these conserved subunits (CcoN, CcoO, and CcoP) are present with a fourth subunit, CcoM, specific to the genus Pseudomonas (12, 13) . CcoN, the catalytic subunit, is a 12-membrane-spanning helix protein containing a low-spin b heme, a high-spin b 3 -Cu B binuclear center, and a calcium ion. CcoO is composed of one N-terminal transmembrane helix and a periplasmic soluble monoheme c-type cytochrome. CcoP is anchored in the membrane via two N-terminal transmembrane helices and contains a large periplasmic diheme c-type cytochrome. In other bacteria, CcoQ is the fourth subunit with a single transmembrane helix (14 -16) . CcoQ is not essential for the cbb 3 -Cox activity in B. japonicum (17) and Rhodobacter capsulatus (18) and was also suggested to stabilize the cbb 3 -Cox in R. sphaeroides (15) . Likewise, in P. stutzeri, CcoQ (19) and CcoM were recently proposed to be involved in the assembly and/or stability of cbb 3 complex (13, 19) . In Pseudomonas aeruginosa, two copies of ccoO and ccoP and up to four different ccoN and ccoQ genes were identified. Interestingly, the bacterium can produce multiple cbb 3 isoforms through exchanges of multiple core catalytic subcomplexes (20) .
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cro ARTICLE CcoN and CcoO were absent on Western blots (21) ; however, CcoN was recently detected in the absence of both CcoO and CcoP (22) . Similarly, CcoN and CcoP were not detected in B. japonicum ccoO Ϫ mutant (17, 23) . In R. capsulatus ccoO Ϫ mutant, CcoN and CcoP were not detected (21) until recently upon reexamination of the mutant in which CcoN was finally identified (22) . In both bacteria, however, CcoN is required for the presence of CcoO and CcoP (17, 21) . CcoQ has not been reported so far in any of the single mutants described above. Although some of the assembly factors (CcoGHIS) have been identified (24) , the assembly sequence of the individual subunits has not been completely established yet. So far, two subcomplexes, CcoNOH and CcoPQH, were identified in R. capsulatus, and CcoH was proposed to facilitate the assembly of these two modules. CcoI was shown to be required for copper insertion in the oxidase (24) . In B. japonicum, FixN and FixO were suggested to be first inserted into the membrane and then form together a FixNO core complex independently of FixP. However, no direct evidence supported the presence of this FixNO subcomplex, and whether FixH and FixQ were associated within this complex was not addressed (17) . The cbb 3 -Cox biogenesis sequence is apparently similar but still incomplete in these two ␣-proteobacteria, and the proposed model is probably not conserved among all bacterial cbb 3 -Cox. Indeed, this model is challenged in bacteria containing cbb 3 -Cox and lacking the ccoH gene (25) like many pathogenic bacteria such as Helicobacter pylori, Campylobacter jejuni, and Neisseria meningitidis.
The purple photosynthetic bacterium R. gelatinosus can grow aerobically due to two terminal oxidases: the bd quinol oxidase and the cbb 3 -Cox encoded by the cydBA and ccoNQOP operons, respectively (7) . We have isolated single mutants (ccoN Ϫ and ccoO Ϫ ), but the presence of cbb 3 subcomplexes and other subunits in the membrane was not investigated (7, 25) . In this work, we show that cbb 3 -Cox undergoes a sequential assembly different from the modular model described for R. capsulatus (14, 26) involving CcoH. To increase our understanding of the cbb 3 -Cox assembly steps, the contribution of each individual subunit to the assembly sequence was analyzed in the wild-type (WT) and mutants of R. gelatinosus by monitoring (i) the in vivo oxygen consumption under microaerobiosis, (ii) the in-gel cbb 3 -Cox activity, (iii) the presence of fully assembled complex or subcomplexes in the membrane, and (iv) the presence of each subunit, including the small CcoQ subunit in the membrane. Altogether, our data suggest that CcoQ is involved in the stability of the cbb 3 -Cox during its biogenesis. Moreover, the results support a sequential assembly model in which CcoQ would first associate to CcoN prior to CcoO association to form a CcoNQO 3,3Ј-diaminobenzidine tetrahydrochloride (DAB)-active subcomplex. CcoP is proposed to be the last subunit to assemble. Once the CcoNQOP complex is fully formed, CcoQ is released and degraded by the FtsH protease. The presence of an active CcoNOP complex in ccoQ Ϫ mutant demonstrated that this complex encompassed all the cofactors necessary for its function, therefore indicating that heme and copper insertions into CcoN are CcoQ-independent.
Results cbb 3 -Cox activity and expression are maximal under microaerobiosis
In an attempt to elucidate the assembly pathway of cbb 3 -Cox in R. gelatinosus, we first examined the optimal oxygen growth conditions and monitored the activity and expression profile of cbb 3 -Cox in response to oxygen level. We recorded the dissolved oxygen level in the culture medium of WT cells grown under various conditions, which reflects the oxygen consumption and oxygen reductase activity. We also addressed the contribution of cbb 3 -Cox for in vivo oxygen consumption under microaerobiosis. In WT cells, the oxygen consumption rate was higher under microaerobiosis and slower under aerobiosis ( Fig.  1A) . Dissolved oxygen was totally consumed in WT cells grown under semiaerobiosis and microaerobiosis. In R. gelatinosus, two functional oxidases were identified: the bd quinol oxidase and the cbb 3 -Cox (7) . To assess the contribution of these two oxidases in oxygen consumption under microaerobiosis, we recorded the dissolved oxygen level in the culture medium of the bd Ϫ and cbb 3 Ϫ deletion mutants. The oxygen consumption of the bd Ϫ mutant was similar to that of WT. In contrast, it was severely affected in the cbb 3 Ϫ mutant. Therefore, in the bd Ϫ mutant, cbb 3 -Cox reduced oxygen efficiently, whereas in the cbb 3 Ϫ mutant the bd quinol oxidase was active and responsible for the slow oxygen consumption rate. These results confirmed that cbb 3 -Cox is the main oxidase involved in oxygen consumption under microaerobiosis in R. gelatinosus. cbb 3 -Cox in-gel activity staining was analyzed and supported the in vivo data. Indeed, the in-gel cbb 3 -Cox activity was maximal under microaerobiosis and decreased when the oxygen level in the medium increased ( Fig. 1B) . Under photosynthesis condition, no activity was detected, which is consistent with a role of R. gelatinosus cbb 3 -Cox only in photosynthesis initiation (7) . Similarly, the level of expression of the four cbb 3 -Cox subunits matched the oxidase activity profile: the amount of the four subunits (CcoN 53 kDa, CcoO 23 kDa, CcoP 32 kDa, and CcoQ 6.5 kDa) in the membrane was maximal under microaerobiosis ( Fig. 1C) .
Altogether, these data support a maximal level of expression and a central role of cbb 3 -Cox for oxygen consumption under microaerobiosis. Therefore, for the study of the cbb 3 -Cox assembly, the subsequent experiments were all performed under microaerobic condition.
The expression of cbb3-Cox and its CcoQ subunit is time-dependent
We also questioned whether the cbb 3 -Cox activity and expression were identical with time in the WT strain after the dissolved oxygen level is null and constant. To check this, we harvested cells at different time points after oxygen level reached zero (from 0 to 35 h) for analysis. We found that cbb 3 -Cox expression varied with time. cbb 3 -Cox in-gel activity staining ( Fig. 2A) and CcoN, CcoO, and CcoP amounts ( Fig. 2B ) increased up to 15 h after the oxygen level reached zero, and they decreased after 25 h in our experimental conditions. On Western blots following BN-PAGE separation, these three subunits were detected in one main band ( Fig. 2B ) and therefore
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assembled in the same complex, which corresponds to the DAB-active band. Surprisingly, the expression of CcoQ was different from the other three subunits. The CcoQ amount was maximal right after the oxygen level reached zero and then underwent significant decay with time. The difference observed in the expression profile should be related to the oxygen avail- For the detection of CcoN, the membrane was first probed with anti-CcoQ antibodies, then stripped, and reprobed with anti-CcoN antibodies. C, SDS-PAGE, Western blotting, and immunodetection of cbb 3 subunits. 10 g of protein was loaded except for the membrane revealed with anti-CcoQ for which only 3.3 g of total membranes was loaded. Membrane proteins from cbb 3 mutants were loaded as a negative control as indicated. Quantification of cbb 3 subunits levels detected by immunoblotting and showing the decrease of CcoQ was performed using ImageJ. The ratio was normalized relative to time point 0 h.
ability in the medium. Indeed, at collected times 0 and 1.5 h, cells have just reached 0% of dissolved oxygen, and cbb 3 -Cox was expressed at a low level. After 10 h, cells consumed very rapidly the diffusing oxygen in the medium, resulting in a net value of 0% dissolved oxygen and an increased cbb 3 -Cox expression. Moreover, CcoQ was detected in at least three bands on the BN-PAGE Western blot ( Fig. 2B ), suggesting that CcoQ was present in different complexes. It is likely that the upper band correspond to the DAB-active NQOP complex. The protein composition of these three bands is addressed below ( Fig. 5 ).
Altogether, the data showed that the dissolved oxygen concentration has to be null and constant for ϳ15 h to reach the maximal level of cbb 3 -Cox activity in WT cells. Furthermore, the decreased CcoQ level concomitant with the increased level of the other subunits suggests that CcoQ may be required only for the early step of cbb 3 -Cox assembly.
FtsH protease is involved in cbb 3 biogenesis and is required for CcoQ decay
FtsH is a membrane zinc-dependent metalloprotease involved in the quality control of unassembled membrane complexes and in modulating levels of some membrane proteins (27, 28) . In WT cells, the decay of CcoQ but the increased amount of the other three subunits is intriguing. We therefore wondered whether the CcoQ level in the membranes could be modulated by FtsH. A deletion mutant of ftsH was constructed, and the assembly of cbb 3 -Cox in the resulting ftsH Ϫ mutant was analyzed. The ftsH Ϫ mutant exhibited a reduced oxygen consumption rate of 20% compared with the WT strain. A DABactive complex could be detected in the membrane of the ftsH Ϫ mutant, albeit at lower intensity compared with the WT strain ( Fig. 3A ). Most notably, immunoblot comparison of the cbb 3 subunits on SDS-PAGE in both ftsH Ϫ mutant and WT strain showed that CcoQ accumulated in the ftsH Ϫ mutant (Fig. 3 , B and C), whereas in the WT strain the CcoQ amount decreased over time as also shown in Fig. 2 , B and C. Similarly, accumulation of CcoQ in the ftsH Ϫ mutant was confirmed by immunoblotting following membrane protein separation by BN-PAGE. Indeed, an intense CcoQ signal was detected in the lower part of the Western blots in the ftsH Ϫ mutant membrane, which could correspond to free CcoQ released from the complex (Fig. 3C ). These findings showed that CcoQ is degraded by FtsH protease, and this event is probably occurring when cbb 3 -Cox is fully assembled into its three subunits, CcoN, CcoO, and CcoP.
Importance of each cbb 3 -Cox subunit for in vivo oxygen consumption under microaerobiosis conditions
To study the importance of each cbb 3 -Cox subunit, single and double mutants of cco genes encoding the cbb 3 -Cox subunits were generated and analyzed for their in vivo oxygen consumption under microaerobiosis. To check for polarity effects on the expression of the downstream genes, semiquantitative RT-PCR was carried out to check the relative amount of each cco transcript in the single mutants. In all constructs, the transcript of the inactivated gene was absent, whereas transcripts of the other genes, including those downstream, were unaffected ( Fig. S1 ). Under microaerobiosis conditions, the WT strain reduced oxygen at a rate of 5.8% of dissolved oxygen/h (Fig. 4A ). The consumption rate was greatly and similarly affected in all except one mutant (ccoQ Ϫ ). Interestingly, the inactivation of ccoQ gene had the least severe defect, showing a reduced oxygen consumption rate of only 30% compared with the WT strain. ccoN Ϫ , ccoO Ϫ , ccoP Ϫ , ccoPQ Ϫ , ccoOP Ϫ , and ccoNP Ϫ registered a rate below 1% of dissolved oxygen/h. In these mutants, the slow oxygen consumption could be accounted for by the bd 
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quinol oxidase as reported previously (7) . As a result, they all behaved similarly to the mutant of the catalytic subunit (ccoN Ϫ ). Therefore, both CcoO and CcoP subunits are essential for cbb 3 -Cox activity. The reduced oxygen consumption in these mutants accounts for their higher doubling time under microaerobiosis, which reflects their slow growth ( Fig. 4B ).
CcoQ is dispensable for the assembly of cbb 3 -Cox subunits within the membranes because the resulting subcomplex, CcoNOP, is fully active
All these mutant strains were also used to analyze the presence and the assembly of the remaining subunits of the cbb 3 -Cox in the membrane. In fact, whether the lack of one subunit in the mutants affected the presence of the other subunits in the membrane and the formation of subcomplexes can provide data to understand the assembly process. To address this question, we checked the presence of the different subunits and putative subcomplexes in the membrane of the single and double mutants by in-gel DAB activity staining and Western blot analysis. The in-gel DAB activity staining of all the mutants was in agreement with the in vivo oxygen consumption data except for ccoP Ϫ mutant (Figs. 4 and 5) . No in-gel DAB-active band was detected for ccoN Ϫ , ccoO Ϫ , and the three double mutants ccoNP Ϫ , ccoPQ Ϫ , and ccoOP Ϫ . As expected, activity staining with the highest intensity was obtained for the WT strain (Fig.  5A) . A band with reduced intensity and running similarly to that detected in the WT was observed for the ccoQ Ϫ mutant after extended exposure to DAB, confirming the presence of an active cbb 3 -Cox in this mutant (Fig. 5A ). This finding indicated that, in the absence of CcoQ, the other three subunits assembled correctly with copper and b-type hemes properly inserted into the CcoN subunit.
Similarly to ccoQ Ϫ strain, the ccoP Ϫ mutant showed a DABactive band, which however, ran lower than the active bands found in the WT strain and ccoQ Ϫ mutant in agreement with the absence of the CcoP subunit in this subcomplex. This demonstrated that, despite the lack of CcoP, a subcomplex exhibiting a DAB activity can assemble; however, this complex is unable to reduce oxygen in vivo given the very low oxygen consumption rate in the ccoP Ϫ mutant. This may indicate that in vivo, in the process of electron transfer between the bc 1 complex and cbb 3 -Cox, the soluble cytochrome c should interact with CcoP to shuttle electrons to CcoO and then to CcoN. This is in agreement with the structure and proposed mechanism of P. stutzeri cbb 3 -Cox revealing that the CcoO cytochrome c is sandwiched between the periplasmic side of CcoN and the CcoP cytochrome c (12) . Using the antibodies raised against the four subunits, we sought to identify the subunits that accumulate in the membrane of each mutant by separating the membrane proteins (i) in denaturing SDS-PAGE ( Fig. 5B ) and (ii) in native BN-PAGE (Fig. 5C) conditions. This provided the composition of the DAB-active bands and evidence of the assembly of additional, but DAB-inactive, subcomplexes within the membrane of the mutants.
Immunodetection after separation in denaturing condition of the ccoQ Ϫ mutant proteins revealed that all three subunits CcoN, CcoO, and CcoP were present in the membrane (Fig.  5B) . Interestingly, analysis after Western blotting of the native BN-PAGE revealed a band that can be detected together with the three antibodies and would correspond to the CcoNOP DAB-active subcomplex (Fig. 5C) . A second band that could only be detected with ␣-CcoN and ␣-CcoO antibodies was also present in ccoQ Ϫ mutant and would therefore correspond to a CcoNO inactive subcomplex. The presence of this subcomplex was further highlighted in the ccoPQ Ϫ mutant that overexpressed CcoNO (Fig. 6 ). Furthermore, in ccoQ Ϫ mutant membrane, CcoP was also present as a low molecular weight band and in a significant amount compared with the WT (Fig. 5C ); this probably corresponds to free CcoP. Therefore, we concluded that two different subcomplexes were present in the membranes of the ccoQ Ϫ mutant: CcoNOP and CcoNO, corresponding respectively to the upper and lower bands detected with ␣-CcoN and ␣-CcoO antibodies following BN-PAGE separation. Given that in the absence of CcoQ the CcoNOP complex still reduced oxygen, the DAB-active band should correspond to CcoNOP subcomplex. Taken together, in agreement with the growth and oxygen consumption rates, our data demonstrated that in the absence of CcoQ an active CcoNOP subcomplex can still assemble, albeit with reduced amount and activity, and that CcoQ did not significantly impair the insertion of heme b and copper cofactors into CcoN subunit. 
Assembly of cbb 3 cytochrome c oxidase in bacteria DAB-active CcoNQO and CcoNO subcomplexes can assemble even in the absence of CcoP
As mentioned previously, in the ccoP Ϫ mutant, a DAB-active band was detected and could correspond to either CcoNQO or CcoNO subcomplexes (Fig. 5A ). In this mutant, the three subunits CcoN, CcoO, and CcoQ were detected on a Western blot after membrane protein separation by SDS-PAGE (Fig. 5B) . Moreover, the Western blot of membrane separated by BN-PAGE revealed an intense band that migrated below the band detected in the WT strain with the three ␣-CcoN, ␣-CcoO, and ␣-CcoQ antibodies (Fig. 5C ). This main band would therefore correspond to the CcoNQO DAB-active subcomplex. In addition, a second intense band was detected with ␣-CcoQ antibodies (Fig. 5C ). This second band comigrated with the lowest of the three bands revealed in the WT membrane and was also unambiguously detected in the ccoO Ϫ and ccoOP Ϫ membranes with the ␣-CcoQ antibodies. Stripping of the nitrocellulose membrane to remove ␣-CcoQ antibodies and rehybridization with ␣-CcoN antibodies showed that CcoN was indeed present in the bands detected with ␣-CcoQ in ccoP Ϫ , ccoO Ϫ , and ccoOP Ϫ mutants (data not shown). Therefore, in the ccoO Ϫ , ccoP Ϫ , and ccoOP Ϫ mutants, the lower band detected with 
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␣-CcoQ antibodies corresponds to the CcoNQ subcomplex. This showed that CcoN can assemble with CcoQ to form a CcoNQ subcomplex. When present, CcoO will ultimately give rise to a CcoNQO DAB-active subcomplex. To further strengthen the presence of CcoNQ subcomplex in the membrane, we overexpressed CcoNQ in the ccoOP Ϫ background. Membrane proteins were separated either by SDS- (Fig. 6A ) or BN-PAGE (Fig. 6, B and C) . The expression profile of the Cco subunits was analyzed along with the ability of the complexes to reduce DAB. As shown in Fig. 6A , overexpression of CcoNQ resulted in an increased amount of these two subunits in the membrane. On BN-PAGE, in-gel DAB activity staining did not show any active band (Fig. 6B ). Nonetheless, a faint band was detected with ␣-CcoN and ␣-CcoQ antibodies in the ccoOP Ϫ membrane (Fig. 6C ). However, a very intense band was detected in the ccoOP Ϫ strain overexpressing CcoNQ with the two antibodies ( Fig. 6C ), confirming the interaction between CcoN and CcoQ in the membrane. Likewise, CcoNO was overexpressed in the ccoPQ Ϫ background to probe for the presence of CcoNO subcomplex. Immunodetection of CcoN and CcoO after SDS-PAGE analysis confirmed their overexpression (Fig.  6A) . Surprisingly, in-gel DAB activity staining revealed an active band in the membrane of this strain after extended exposure to DAB (Fig. 6B) . The composition of this band was unequivocally determined by Western blot analysis after BN-PAGE separation using the ␣-CcoN and ␣-CcoO antibodies and attributed to the CcoNO subcomplex. Besides, the DABactive CcoNO and CcoNQO subcomplexes can assemble in the absence of CcoQP and CcoP, respectively. However, none of the subcomplexes were able to reduce oxygen because the growth and oxygen consumption of ccoQP Ϫ and ccoP Ϫ strains were comparable with those of the ccoN Ϫ strain (Fig. 4) . Taken together, these data indicated that, despite the absence of CcoQ and CcoP, CcoO can assemble with CcoN to form a DAB-active CcoNO subcomplex. However, the detection of the CcoNO active subcomplex required the overexpression of the subunits in contrast to the CcoNQO highly active subcomplex. This strongly suggests that CcoQ might guide or stabilize the binding of CcoO to CcoN to allow functional interactions.
CcoN is a required anchor, and CcoNQ is the first subcomplex to be assembled
In the ccoN Ϫ mutant, neither CcoQ nor CcoO could be detected, and only a trace of CcoP was present in the membrane (Fig. 5B) . Therefore, the presence of CcoN was required for the other subunits to be present in the membrane and suggested that CcoN would act as an anchor to promote the assembly of the fully functional cbb 3 -Cox in the membrane. In the absence of CcoO, both CcoN and CcoQ were present in the membrane and formed the first subcomplex, CcoNQ, as evidenced by Western blot analyses (Fig. 5,  B and C) . Deletion of both CcoO and CcoP (ccoOP Ϫ mutant) resulted in a decreased amount of CcoN and CcoQ in the membrane, suggesting that association with CcoO and CcoP would stabilize the CcoNQ subcomplex in the membrane.
CcoO is required for the association of CcoP in the late step
In the ccoP Ϫ strain, all three subunits CcoN, CcoO, and CcoQ accumulated in the membrane and assembled to form CcoNQ and CcoNQO subcomplexes (Fig. 5, B and C) . This demonstrated that CcoP is the last partner to associate within the final complex. Analysis of the ccoO Ϫ strain corroborated this conclusion because only traces of CcoP were immunodetected in the membrane proteins (Fig. 5B ). Furthermore, in the ccoQ Ϫ strain, the three cytochromes CcoN, CcoO, and CcoP are present and assembled to form the active subcomplex Cco-NOP, thus confirming that CcoQ is not essential for the assembly and activity of cbb 3 -Cox. Although CcoP is the last subunit to associate to form the active cbb 3 
Discussion
The high oxygen affinity cbb 3 -Cox are present in bacteria, including pathogens of Pseudomonas, Helicobacter, Campylobacter, Neisseria, and Vibrio species (29) . cbb 3 -Cox (Cco-NQOP) are multimeric inner membrane complexes containing several cofactors; therefore, their assembly is an intricate process. So far, the assembly has been studied in very few species, as in R. capsulatus (2) for which a multistep and module-based assembly pathway of the cbb 3 -Cox involving CcoH was proposed. CcoH is an assembly factor required for the activity and stability of cbb 3 -Cox; it is present in the active complex and proposed to initiate the association of CcoNOH and CcoPQH subcomplexes (18, 26) . A gene annotated as a putative ccoH is present in the genomes of P. stutzeri, P. aeruginosa, and Vibrio cholerae (Fig. S2) . Nevertheless, the sequence homology of this putative CcoH with R. capsulatus is extremely low (16% identity and 13% homology with P. stutzeri) (Fig. S2) , and no CcoH subunit was reported either in the purified cbb 3 -Cox or in the crystal structures (12, 19) . In this work, we investigated the assembly of R. gelatinosus cbb 3 -Cox subunits by monitoring the presence of stable active or inactive subcomplexes, the importance of each cbb 3 -Cox subunit for the activity, and the presence of the other subunits in the membrane. ccoH gene is missing in R. gelatinosus as well as in H. pylori, N. meningitidis, and C. jejuni (Fig. S3 ). The assembly pathway in these species might therefore be different from the module-based assembly pathway of R. capsulatus, involving CcoH. Indeed, our data support a sequential subunit assembly model for the cbb 3 -Cox (Fig. 7) with a new role for CcoQ in the early steps. The proposed model is based on the identification of stable subcomplexes in the membrane of the WT and of a series of cbb 3 -Cox mutants. We suggest that CcoQ may stabilize CcoN in the membrane and that CcoO and CcoP would be sequentially added (Fig. 7) . A new finding in this work is the discharge of CcoQ from CcoNQOP. We suggest that once the active CcoN-QOP complex is formed, CcoQ would be unloaded and degraded by FtsH. We propose the assembly of CcoNQ as the
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first step of the assembly process. This is clearly different from the R. capsulatus model in which CcoQ was in the CcoPQH module that associates with the CcoNOH module. Indeed, we showed that CcoN and CcoQ were the only detectable subunits in ccoO Ϫ and ccoOP Ϫ mutants, and an inactive CcoNQ subcomplex was identified. Direct evidence for an interaction between CcoN and CcoQ has never been reported. Furthermore, CcoQ was not detected in the crystal structure of cbb 3-1 and in the crystals of cbb 3-2 from P. stutzeri (12, 19) . Nevertheless, in a recent report, CcoQ was identified in these complexes, and it was suggested that CcoQ may dissociate from the Cco-NQOP complex (19) . The strong signal detected for CcoQ in ccoO Ϫ and ccoOP Ϫ mutants raised the question of the ratio of each subunit in the complex. A ratio of 1:1 CcoN:CcoQ is possible during maturation. However, if CcoQ stabilizes and coats CcoN subunit (12 transmembrane ␣-helices) in the membrane, the presence of several copies of CcoQ (one transmembrane ␣-helix) interacting with one CcoN molecule could also be considered. A possible role for CcoQ is to coat CcoN and to guide and assist association of CcoO to CcoN. This speculative scenario would prevent abnormal interactions between CcoN and the c-type cytochromes CcoO and CcoP. Similarly, the proper anchorage of CcoP to the complex requires the preassociation of CcoO to CcoN. Thus, the sequential assembly takes on full significance: the purpose is to ensure a perfect, guided assembly between the partners. In fact, in the ccoO Ϫ mutant, no CcoNQP subcomplex could be detected, whereas the CcoNQO complex was present in the ccoP Ϫ mutant. These findings demonstrated that CcoO (i) should first bind to the CcoNQ subcomplex and (ii) is required for CcoP binding (Fig. 7) . The binding of CcoP after CcoNO is formed was also proposed in R. capsulatus and B. japonicum (14, 17, 18) .
Our model is further supported by the identification of DABactive CcoNQO and CcoNO subcomplexes. This is in agreement with the proposed evolution scenario of cbb 3 oxidases suggesting that CcoNO form an invariable core complex to which different subunits are added (1) . This sequential model is also in accordance with the crystal structure of P. stutzeri cbb 3 -Cox and the relative positions of each subunit (12) . In fact, the transmembrane helices of CcoO and CcoP do not fit in between those of CcoN; the soluble cytochrome c domain of CcoO is sandwiched between the periplasmic side of CcoN and the periplasmic soluble domain of CcoP. This structural arrangement corroborates our model in which CcoN is the backbone subunit required for CcoO and CcoP insertion. In contrast to R. capsulatus, no CcoPQ subcomplex could be identified in R. gelatinosus membrane. Finally, we also observed a decrease of the CcoQ subunit in the WT, whereas the amounts of the other subunits increased. If CcoQ was released once CcoO was assembled, then no CcoNQO complex should be detected in a ccoP Ϫ mutant, and the amount of CcoQ should be lower than that in a ccoO Ϫ mutant. However, the CcoQ level was similar in those two mutants. In ccoP Ϫ mutant, the major subcomplex observed was the DAB-active CcoNQO along with traces of CcoNO. However, to assemble a fully active cbb 3 -Cox, CcoP should associate to CcoNQO. It is therefore conceivable that CcoP association might trigger the dissociation of CcoQ from the complex.
Conclusion
cbb 3 terminal cytochrome c oxidase is a key respiratory complex in bacteria. Taken together, our results shed light on a sequential assembly mechanism of this complex instead of the module-based pathway proposed in R. capsulatus and likely for CcoH-containing oxidases. Our study also highlights the importance of the interactions between the oxidase subunits during the biogenesis process as we provide evidence of the presence of at least four new active or inactive subcomplexes in the membrane. Thus, the study allowed us to identify almost all of the subcomplexes that can form in the membrane to draw a ccoH-independent biogenesis model that could also be effective and accurate in some pathogenic bacteria.
Experimental procedures

Bacterial strains and plasmids
Escherichia coli was grown at 37°C on LB medium. R. gelatinosus was grown at 30°C aerobically (high oxygenation; flask filled at 10th level of the total flask volume), semiaerobically (half-filled flask), or microaerobically (low oxygenation; flasks filled with the total volume of the flask) in the dark or photosynthetically in the light in filled and sealed tubes in malate medium. Antibiotics were used at the following concentrations for E. coli and R. gelatinosus: kanamycin, 50 g/ml; ampicillin, 50 g/ml; streptomycin, 50 g/ml; spectinomycin, 25 g/ml; trimethoprim, 50 g/ml; and tetracycline, 2 g/ml. Bacterial strains and plasmids used in this work are listed in Table 1 . CcoQ is unloaded and degraded once the complex is fully assembled. All the depicted subcomplexes were detected either in the WT or in the appropriate mutants. The heme and copper in the isolated CcoN have not been demonstrated but seem to be independent of CcoQ attachment. The stoichiometry of CcoQ is speculative at this stage. IM, inner membrane.
Assembly of cbb 3 cytochrome c oxidase in bacteria
Measurement of dissolved oxygen during bacterial growth
Calibration and measurements were performed as advised by the manufacturer in 250-ml flasks equipped with sensor spots (30) . Dissolved oxygen was measured every minute using an OXY-4 mini oxygen-sensitive minisensor (PreSens). Strains were grown under gentle shaking (140 rpm). The percentage of oxygen saturation (% O 2 ) was calculated using the formula: % O 2 ϭ % air saturation ϫ 20.95/100.
Gene cloning and plasmid construction for allele replacement
To inactivate cco genes in the ccoNQOP operon, the nonpolar cassette Km was used to inactivate ccoN, ccoO, and ccoQ genes ( Table 1 ). The polar cassette ⍀ was used to inactivate ccoP, the last gene of the operon. Plasmids bearing ccoN::Km and ccoO::Km were described previously (7, 25) . The ccoQ gene was inactivated by the insertion of the Km cassette at the unique XcmI site within the ccoQ coding sequence. Briefly, ccoQ was amplified by PCR using primers ol303 (5Ј-GTCGGCCACGT-GCACAG-3Ј and ol293 (5Ј-GTGTAGACCGTCTGGGG-3Ј) and cloned into pGEM-T. The resulting plasmid, pBS12, was subjected to XcmI restriction enzyme digestion and treated with T4 polymerase prior to ligation with the 1.2-kb EcoRIblunt digested Km cassette conferring resistance to kanamycin to give the pBS24 plasmid. To construct a ccoP::⍀ plasmid, the 1.7-kb fragment containing the ccoP gene was amplified by PCR with primers ol288 (5Ј-GCTGGCCAAGAACGAGGT-3Ј) and ol293 (5Ј-GTGTAGACCGTCTGGGG-3Ј) and cloned into pGEM-T. The resulting plasmid, pBS13, was digested with BamHI and ligated with the 2-kb ⍀ cartridge conferring resistance to streptomycin and spectinomycin to give the pBS28 plasmid. The plasmids pBS24 and pBS28 were used to electroporate R. gelatinosus WT to select the corresponding single mutants. To select the double ccoNP Ϫ , ccoOP Ϫ , and ccoQP Ϫ mutants, the ccoP Ϫ strain was used for electroporation with the pBS20, pBS21, and pBS24 plasmids, respectively. Transformants were selected on malate plates supplemented with the appropriate antibiotic under photosynthetic conditions. Following transformant selection, template genomic DNA was prepared from the ampicillin-sensitive transformants and confirmation of the presence of the antibiotic resistance marker at the desired locus was performed by PCR.
To inactivate ftsH, a 1448-bp PCR fragment containing the coding sequence of ftsH was cloned in pDRive using primers FtsH-For (5Ј-CAGCAAGCGCATCAAGTC-3Ј) and FtsH-Rev (5Ј-CGTTCTCGGCATAGACCATC-3Ј). The resulting plasmid, pSftsH, was digested with MscI to delete a 486-bp fragment and ligated with the Tp cartridge conferring resistance to trimethoprim to give the pSftsH::Tp plasmid.
For ccoNO overexpression experiments, a PCR (CcoN-KpnI, 5Ј-CTGCATCGTGGTACCAGTTCGAAGAC-3Ј and CcoO-XbaI, 5Ј-TGCGGAGGGTGTCTAGATGTCCATGGT-3Ј) DNA fragment containing CcoN and CcoO under the cco promoter was cloned into KpnI-XbaI pBBR3-Tc plasmid. The pB3CcoNO was then transformed in ccoQP Ϫ strain by electroporation. Similarly, to clone CcoNQ into pBBR3-Tc, an ApaI-BamHI fragment containing CcoNQO was cloned into pBBR3-Tc, and the result- Table 1 Strains and plasmids used in this work Ap r , ampicillin-resistant; Km r , kanamycin-resistant; Tc r , tetracycline-resistant; ⍀, Sp r , Sm r , spectinomycin-and streptomycin-resistant; Tp r , trimethoprim-resistant.
Relevant characteristics
Source/Ref.
ing plasmid was then digested with NcoI to delete the 635-bp fragment containing the ccoO gene. The resulting plasmid, pB3CcoNQ, was then transformed in ccoOP Ϫ strain by electroporation. The presence of the plasmids in the transformants was confirmed by PCR using T7 and Rev primers flanking the cloning site of pBBR3-Tc.
Total membrane preparation
The cells were harvested by centrifugation at 6100 ϫ g for 20 min at 4°C. The cell pellet was washed after resuspension in 100 mM phosphate buffer, pH 7.5, and frozen or directly processed. Cells were lysed by two passages through a French pressure cell at 1000 p.s.i. at 4°C in 100 mM phosphate buffer, pH 7.5, in the presence of a mixture of protease inhibitors (Roche Applied Science) and DNase (25 g/ml). The extract was clarified by centrifugation for 30 min at 15,000 ϫ g and at 4°C. The supernatant (whole-cell extract) was centrifuged at 117,000 ϫ g at 4°C for 1.5 h. The total membrane pellet was washed in 100 mM phosphate buffer, pH 7.5, and further centrifuged as described previously. The membrane pellet was finally resuspended in 100 mM phosphate buffer, pH 7.5; fast frozen in liquid nitrogen; and then stored at Ϫ80°C. Membrane protein concentrations were determined using the bicinchoninic acid assay (Sigma) using bovine serum albumin as a standard.
Denaturing and blue native electrophoresis
SDS-PAGE was performed according to Laemmli (31) . BN-PAGE was performed as described previously (7) . 2.5 mg/ml membrane proteins were solubilized in the presence of 0.25% of n-dodecyl ␤-D-maltopyranoside (Sigma), 10% glycerol (v/v), and 50 mM NaCl at 4°C for 30 min. The solubilized membrane proteins were collected after centrifugation at 189,000 ϫ g for 25 min at 4°C and supplemented with Coomassie Blue G-250 loading buffer.
In-gel cbb 3 -Cox activity
To assay cbb 3 -Cox activity (in-gel DAB activity staining), BN polyacrylamide gels were incubated at room temperature in a 50 mM phosphate buffer, pH 7.5, and 8% sucrose (w/v) containing 0.31 mg/ml catalase (Sigma), 1 mg/ml horse heart cytochrome c (Sigma), and 0.5 mg/ml DAB. The gel was scanned at different time points during development.
R. gelatinosus cbb 3 antibody production
Antibodies raised against R. gelatinosus CcoN, CcoO, and CcoP were produced as described previously (32) . Antibodies directed against a C-terminal synthetic peptide of CcoQ, 41 PFIEKDGAEASGERK 55 , were produced in rabbits (Eurogentec). The specific peptide antibodies were further purified by a peptide-affinity column.
Western blotting and immunodetection
10 g of total membrane protein (or 3.3 g when specified) was separated by SDS-PAGE (12 or 15% polyacrylamide). Before loading, samples were treated for 10 min at 37°C. Proteins were transferred to a polyvinylidene difluoride membrane (Hybond ECL PVDF membrane, GE Healthcare) in Towbin buffer containing 25 mM Tris, 192 mM glycine, 0.1% SDS (w/v), and 20% ethanol (v/v). Membranes were saturated for 1 h at 4°C in TBST buffer (50 mM Tris, 150 mM NaCl, and 0.1% Tween 20 (v/v), pH 7.4) supplemented with 5% BSA (w/v). After five washes of 5 min in TBST buffer, the membranes were probed overnight at 4°C with different primary antibodies: ␣-CcoN and ␣-CcoQ, 1:1000 dilution; ␣-CcoO and ␣-CcoP, 1:10,000 dilution. After five washes of 5 min in TBST buffer, the membranes were incubated for 1 h at room temperature in the presence of a secondary horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody (Bio-Rad) diluted at 1:5000. All antibodies were diluted in TBST buffer supplemented with 0.2% BSA (w/v). Reactive bands were detected using a chemiluminescent HRP substrate according to the method of Haan and Behrmann (33) . Image capture was performed with a LAS-3000 charge-coupled device camera system (Fuji).
Statistical analysis
Statistical significance was determined with two-way ANOVA followed by Dunnett's multiple comparison test. 
